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Abstract 


This  project  has  developed  a  statistical  learning  approach  to  identify  potential  new  high 
temperature  ferroelectric  piezoelectric  perovskite  compounds.  Our  predictions  of  the  Curie 
temperature  (Tc)  ranging  from  700C-1100C  are  the  highest  reported  in  either  experimental  or 
theoretical  studies  and  the  number  of  new  proposed  compounds  based  on  our  work  nearly 
doubles  the  known  candidate  piezoelectric  ferroelectric  perovskites.  Unlike  most  computational 
studies  on  crystal  chemistry,  where  the  starting  point  is  some  form  of  electronic  structure 
calculation,  we  use  a  data  driven  approach  to  initiate  our  search.  In  parallel  to  the 
computational  studies,  we  have  developed  a  detailed  experimental  protocol  for  exploring  the 
processing  parameter  space  for  synthesizing  in  a  combinatorial  fashion  of  known  existing 
piezoelectric  perovskites.  We  not  only  identified  new  compound  chemistries  with  Tc  exceeding 
known  ferroelectric  perovskite  materials  but  also  optimized  the  site  occupancy  of  newly  the 
identified  new  compound  chemistries.  This  provides  strong  evidence  of  the  value  of 
informatics  to  significantly  accelerate  materials  discovery.  Our  experimental  studies  also 
provided  us  the  framework  to  test  our  informatics  based  predictions.  For  instance  we  have 
synthesized  BiLu03-PbTi03  and  discovered  that  the  system  is  indeed  a  perovskite  structure  as 
per  our  predictions  and  our  measured  Tc  of  ~  550C  though  lower  than  the  ~  700C  of  our 
predictions,  is  one  of  the  highest  reported  experimental  measurements  reported  in  the 
literature.  Given  that  our  models  are  based  solely  on  crystal  and  electronic  structure  data  and 
did  not  microstructural  or  impurity  chemistry  information,  this  is  a  very  promising  result.  To 
the  best  of  our  knowledge,  this  is  the  first  direct  attempt  to  experimentally  validate  informatics 
based  structure-property  predictions. 


Executive  Summary 

This  project  has  developed  a  statistical  learning  approach  to  identify  potential  new  high 
temperature  ferroelectric  piezoelectric  perovskite  compounds.  Unlike  most  computational 
studies  on  crystal  chemistry,  where  the  starting  point  is  some  form  of  electronic  structure 
calculation,  we  use  a  data  driven  approach  to  initiate  our  search.  This  is  accomplished  by: 
identifying  patterns  of  behavior  between  discrete  scalar  descriptors  associated  with  crystal  and 
electronic  structure  and  the  reported  Curie  temperature  (Tc)  of  known  compounds;  extracting 
design  rules  that  govern  critical  structure-property  relationships;  and  discovering  in  a 


quantitative  fashion  the  exact  role  of  these  materials  descriptors.  Our  approach  applies  linear 
and  non-linear  manifold  methods  for  data  dimensionality  reduction  to  discover  the  dominant 
descriptors  governing  structure-property  correlations  and  data  mining  methods  to 
quantitatively  assess  the  specific  combination  of  descriptors  that  govern  the  link  between 
crystal  chemistry  and  Tc.  We  have  used  this  information  at  the  electronic  and  crystal  structure 
level  to  develop  predictive  models  that  can  suggest  new  structure/chemistries  and/or 
properties.  In  this  manner,  our  discoveries  have  included  BiTmCb-PbTiCb  and  BiLuCb-PbTiCb 
which  were  predicted  to  have  a  Tc  of  730  and  705  °C,  and  respectively.  Expanding  the  chemical 
search  space  to  nearly  one  million  possible  stoichiometries  and  using  more  complex  statistical 
learning  tools,  we  have  also  proposed  over  half  a  dozen  binary  cation  ferroelectric  perovskites 
with  even  higher  Tc  reaching  as  high  as  ~  1100C.  A  quantitative  structure-property  relationship 
model  similar  to  those  used  in  biology  and  drug  discovery,  not  only  predicts  our  new 
chemistries  but  also  validates  published  reports.  Our  predictions  in  terms  of  Tc  are  the  highest 
reported  in  either  experimental  or  theoretical  studies  and  the  number  of  new  proposed 
compounds  based  on  our  work  nearly  doubles  the  known  candidate  ferroelectric  perovskites. 
This  provides  strong  evidence  of  the  value  of  informatics  to  significantly  accelerate  materials 
discovery. 


In  parallel  to  the  computational  studies,  we  have  developed  a  detailed  experimental  protocol 
for  exploring  the  processing  parameter  space  for  synthesizing  in  a  combinatorial  fashion  of 
known  existing  piezoelectric  perovskites  (e.g.  BiFeCb-PbZrCh-PbTiCb  ternary  solid  solution). 
The  experimental  work  has  laid  out  the  details  of  tracking  chemistries  near  the  morphotropic 
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Fig.  1:  Comparison  of  experimental 
results  of  Curie  temperature  of 
BiLu03  with  the  informatics  based 
prediction.  While  the  Tc  is  lower 
than  the  prediction,  this  chemistry 
would  not  have  been  a  target  for 
exploration  without  the  informatics 
prediction.  However  the  perovskite 
structure  prediction  was  confirmed 
experimentally.  Another  significant 
point  is  that  this  is  the  highest 
reported  experimental  values  of  Tc  of 
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phase  boundaries  (MPB),  and  to  empirically  relate 
microstructural  impact  on  phase  stability  and  properties. 
The  tradeoff  between  achieving  the  right  crystal 
chemistry  at  the  MPB  with  both  a  high  permittivity  with 
the  constraints  of  being  at  the  MPB  and  getting  a  high  Tc 


have  been  experimentally  mapped.  A  higher  rhombohedral/tetragonal  phase  ratio  in  the  MPB 
region  appears  to  be  favorable  for  the  ferroelectric  and  piezoelectric  properties.  Our 
experimental  studies  also  provided  us  the  framework  to  test  our  informatics  based  predictions. 
For  instance  we  have  synthesized  BiLu03-PbTi03  and  discovered  that  the  system  is  indeed  a 
perovskite  structure  as  per  our  predictions  and  our  measured  Tc  was  ~  550C.  While  this  was 
lower  than  the  ~  700C  of  our  predictions,  this  is  one  of  the  highest  reported  experimental 
measurements  reported  in  the  literature.  Given  that  our  models  are  based  solely  on  crystal  and 
electronic  structure  data  and  did  not  microstructural  or  impurity  chemistry  information,  this  is 
a  very  promising  result.  To  the  best  of  our  knowledge,  this  is  the  first  direct  attempt  to 
experimentally  validate  informatics  based  structure-property  predictions. 

With  our  initial  discovery  of  new  compounds  at  high  temperatures  we  had  restricted  our  search 
space  of  new  BiMECb-PbTiCb  to  include:  ME= Sc3+,  In3+,  Yb3+,  Lu3+  and  Tm3+.  In  the  next  phase  of 
our  work  since  our  initial  report  we  have  included  single  ME  cations  with  charge  3+  or  a 
mixture  of  two  cations  with  an  average  3+  charge  and  that  exhibit  both  strong  and  weak 
ferroelectric  activity:  Ga3+,  Mn3+,  Fe3+,  Al3+,  Hf4+,  Cr3+,  Co3+,  (Zm/2Tii/2)3+,  (Mgi/2Tii/2)3+,  (Mg3/4Wi/4)3+, 
(Mg2/3Nbi/3)3+,  (Zn3/4Wi/4)3+,  (Zm/3Nbi/3)3+,  (Zm/2Zri/2)3+,  (Zm/2Sm/2)3+,  (Sci/2Fei/2)3+,  (Nii/2Tii/2)3+, 
(Sc3/4Ga3/4)3+. 
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Fig.  2:  The  search  space  explored  in  the  initial  stages  of  the  project  is  outlined  in  blue,  and  has  been 
expanded  into  the  region  shaded  in  red.  This  has  now  increased  the  potential  compound  search  space  to 
over  one  million  compounds. 


Another  new  aspect  of  our  modeling  work  is  that  enlarged  the  descriptor  space  to  48 
descriptors  and  down  selected  them  to  6  using  PCA  and  Rough  Sets  data  mining  methods.  The 
latter,  i.e.  Rough  sets,  is  a  new  approach  that  accounts  for  uncertainty  in  our  data  sets.  We 
employed  non-linear  artificial  neural  networks  (ANN)  method  to  develop  the  Quantitative 
Structure  Property  Relationships  (QSPRs)  for  predicting  the  Curie  temperature,  Tc.  43 
compounds  were  used  for  QSPR  modeling.  Given  the  vastly  larger  search  space  of  compounds, 
we  automated  the  process  by  employing  Genetic  Algorithm  method.  Our  search  space  was 
greater  than  106  potential  compound  chemistries.  We  not  only  identified  new  compound 
chemistries  with  Tc  exceeding  known  ferroelectric  perovskite  materials  but  also  optimized  the 
site  occupancy  of  newly  the  identified  new  compound  chemistries 


Fig.  3:  During  the 
optimization  stage,  we 
explored  more  than  one 
million  possible 

combinations  of 

compound  chemistries 
and  identified  seven 
new  compounds  with 
high  Tc.  The  seven 
potential  ferroelectric 
perovskite  chemistries 
are  inscribed  in  the 
schematic  shown  above 


Summary  of  Key  Research  Accomplishments 

•  Identified  new  candidate  high  temperature  ferroelectric  piezoelectrics 

•  Highest  Tc  predictions 

•  Defined  quantitative  structure-property  correlations  for  materials  discovery 

•  Established  experimental  protocol  for  exploring  combinatorial  bulk  processing  of 
ceramics 

•  Experimental  validation  of  informatics  based  structure  type  prediction 


Informatics  based  trends  for  high  temperature  piezoelectric  behavior  observed 
experimentally 
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Fig.  4:  Assessment  of  materials  discovery  for  high  temperature  piezoelectric  ferroelectric  perovskites 
showing  the  striking  impact  of  informatics,  as  developed  in  this  program,  on  significantly  accelerating 
and  enlarging  the  materials  design  space  for  new  high  temperature  multifunctional  materials. 
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9.  Statistical  Learning  for  Materials  Discovery 

Materials  Informatics  Symposium-  Tools  for  Design  and  Discovery 
Centre  Europeen  de  Calcul  Atomique  et  Moleculaire  (CECAM) 

Lausanne,  Switzerland  -  May  24th  2011  -  K.  Rajan 

10.  Multiscale  Materials  Modeling  with  the  "Right  Stuff":  data  mining  to  rank  information 

Los  Alamos  National  Laboratory  Workshop-  Uncertainty  Quantification  and  Multiscale 

Materials  Modeling 

Santa  Fe,  NM.  -  June  13th  2011-  K.  Rajan 

11.  Materials  Informatics  as  a  Computational  Infrastructure  for  Materials  Discovery 

Scientific  Discovery  through  Advanced  Computing  (SciDAC)  2011  Conference-Plenary 
lecture 

Denver,  CO.  July  12th  2011-  K.  Rajan 


